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SUMMARY

*• The objective is to determine the absolute spectral energy

radiated in the visible region by a MK 24 illuminating flare. A :1

spectrum of the flame in the visible region is obtained with a

scanning spectrometer. The integrated visible energy radiated by , .

a flare has a measured value of 2510 koal which is about 11 percent ,

of the energy of the flare reaction.

Important components of the radiation from a magnesium-sodium

nitrate flare are presented along with a description of excitation

processes which may be present. The processes include chemical

excitation of the sodium atoms, therml excitation of the sodium

atoms, and thermal excitation of other substances. It is concluded

that thermal radiation by sodium is more probably the major component

of the visible energy than chemiluminescence. .

A calculated 17 percent of the total radiated energy is found in

the visible. This is compared to 10.8 percent of its total that a

•.6
blackbody at 30000K can radiate in the visible. These comparisons

are made to show that the spectral emissivity of the flare in the -

visible region is generally greater than elsewhere. The practical

4 importance of selective emitters is discussed in relation to possible .

improvement of the light output. ... , ,
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INTRODUCTION AND HISTORIOAL

• One of the most successful and widely used pyrotechnic illumi-,

nating devices is the U. S. Navy Mark 24 Aircraft Parachute Flare.

The flame from this flare is typioal of flames produced by combustion

of magnesium and sodium nitrate. The flare is normally released- .
-- p;

from aircraft over the area to be illuminated. A parachute auto-

matioally suspends the illuminating element at a preseleoted time.

During the descent, the flame radiates with an average luminous

intensity of about 1.7 million candles for nearly 180 seconds.

Additional data about the flare are listed in Appendix A.

.4 The spectrum of this flame shows a strong, broad continuum

distributed about the sodium resonance lines. This continuum is

superimposed on a weaker background continuum which extends through- .

out the visible region. The sodium related continuum extends from

about 550 nia to 700 myi. The radiant energy represented by the sodium

feature represents a significant portion of the total radiant energy

in the visible region. The relatively large amount of energy radiated

by this flare in the visible region is the reason that the flame -. ,A.-..

resulting from the magnesium-sodium nitrate reaction has been adopted -

4 as a common pyrotechnic means for producing light.

In the early 1950's, investigators at Pioatinny Arsenal, Dover,

New Jersey, learned that pyrotechnic light could be produced more

4 * efficiently by burning a magnesium-sodium nitrate mixture than by -

burning the then standard magnesium-barium nitrate-sodium oxalate- -

11
!t. , "-..' ",*
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RDTN No. 135

aluminum composition. Since that time, the major effort was

4.' directed toward improvement of the magnesium-sodium nitrate system

and its development in various signalling and illumiriating devices.*

* - . Most of these engineering efforts have applied empirical methods to

optimize the system for a given purpose.

Ellern2 discusses some of the practical aspects of producing

flares with these mixtures. He also reviews other historical, thermo- -. !

chemical, and relative performance data related to white light pro-

duction. Bond and Jacobs3 report measurements of isothermal kinetics .

and self-heating in binary mixtures of magnesium and sodium nitrate

over a range of compositions up to stoichiometric.

Blunt 4  notes in a recent report that results of studies of these . .

reactions are not often published in the open literature. For this

reason, he reproduced a large number of flame spectra. Included

are examples of flames containing binary and ternary mixtures of

magnesium as a fuel with oxidizing agents such as sodium nitrate,

potassium nitrate, barium nitrate, strontium nitrate, and potassium

perchlorate. A dominant feature of typical pyrotechnic spectra is

the formation of a strong broad continuum about the resonance lines ;'

of the alkali metals when these are present. This feature often

* accounts for a large portion of the total radiated energy. On the

other hand, flames containing the alkaline earth metals do not show :

this broadening about the principal elemental lines. Instead, band

J. structure of the metal oxides or halides is the characteristic

feature of the visible spectra. . -
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The data presented by Blunt4 also shows that a degradation of

luminosity from these flames occurs as the ambient pressure is

reduced and that the effect grows sharply in magnitude at pressures

of less than 150 torr. In all oases, the line and band structure is

C, superimposed on a weaker background continuum. The observation of

the different types of structure in the spectra leads naturally to .. .

questions regarding their origin and their relative importance in

producing light.

One of the most important and prominent features of the flarep. spectrum is the broadened region around the sodium resonance lines.

The observed pressure dependence leads to the question whether the

theory of line broadening is applicable to the study of this region.

Breene5 reviews the evolution and derivation of the theories of

Interruption Broadening which includes the Lorentz theory and Sta-

tistical Broadening which includes the Jablonski theory. Mitchell

and Zemansky 6 note that the offeot of collisions upon the emitting

characteristics of a classical oscillator-atom was treated by Lorentz7

in a manner analagous to that of radiation damping. That is, if an

absorbing atom performs Z oollisions per second, with the molecules

of a foreign gas, the resulting effect is equivalent to Z inter-

ruptions per second in an undamped wave train. The equation derived . ...

by Lorentz gives a symmetrical curve about the absorption line and

therefore is not capable of handling experiments in which line shift --

and asymmetry are present. One should note that Lorentz reported his

work in the pre-quantum mechanical period, and that Lenz8 , Weisskopf9 ..

and others later derived expressions to account for line shift and

3-. -. . . . . .- "-. . . . . . . . . . .
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asymmetry. These refinements lead to expressions similar to those

resulting from the Statistical Theory.

The irst attempt at a quantm theory of Lorentz broadening was
107

made by Jablonski. I0 He considered a collision between an absorbing
-' 7-

atom and a foreign gas molecule as a temporary formation of a quasi-

molecule. Breene goes on to note that the intensity distribution and .'..

the line width resulting from the Jablonski theory is dependent on

the potential surfaces and the probability of different separation -

distances between the colliding partioles. It. is also clear that

almost any form of asymmetry of the spectral line can be obtained .

depending on relative profiles of the potential surfaces. It is * 0
this notion that may best explain the sodium broadening observed in

our flare involving a collisional process such as represented by

reaction (5). -
* 0

Na + M -*Na + M (5)

Although Jablonski laid the basis for the Statistical Theory,

Breene notes that MargenauI I first developed an applicable mathe-

matical form for it. The equivalence of the Lorentz and Jablonski

theories is also discussed by Breene. Although there is some centre-

versy regarding the justifiability of the approximations involved, 4

12a mathematical route was developed by Foley for obtaining the

Lorentz form from the Jablonski form. Nevertheless, neither of these -

theories can be applied to our problem without fUrther study. --.

4
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Statement of the Problem

The objective is to determine the nature of the interaction

which causes the continuum about the sodium resonance lines to be ..

so strong and broad.

The broadened region about the sodium lines is pressure depend-

ent. On the other hand, the Lorentz and ,rablonski theories of

pressure broadening my not be directly applicable to a oompli-

cated system such as the flare flame.

It is unclear at this point whether the sodium emission and

broadening is primarily a physical or a chemical property of the .1

system. That is, would other systems containing sodium atoms at _421* 0

this temperature have similar sodium emiss:.on characteristics or . ... -

is the emission specifically a characteristic of this chemical

reaction? Immediately related to this que:ation is the further

question, could the flare reaction produce the observed sodium ,.-.

excitation merely because of the adiabatic temperature rise or ..-.

does the sodium emission require a non-equilibrium concentration

of sodium atoms?

In the past, some efforts were made to determine the amount of

energy radiated by the flare in the visible region on a reactive i
basis. No published work could be found which reports measure- *. .* .

ment of the spectral energy from the flaro on an absolute scale. "

7erefore, the immediate objective of this study is the determine --

the absolute spectral energy radiated by the flare in the visible

region. This is to be compared with the energy of the reaction and

with temperatures consistent with the difference between the two

energies.
5
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E!X PERIMEN~TAL

General Procedure

* T'he min objective was to measure the spectral radiant energy of

a flare flame in the visible region. To do this, a lens was used to

condense the flame image to such a size that it passed through the

cconochromator slit. A mask in front of the lens limited the

illumination by the image to the central portion of the collimating -

mirror in the monochromator. The visible region was scanned during '

the flare burning period and the spectrum was recorded. Next, the

monochromator was calibrated for intensity and wavelength. Finally,

the corrected spec'urum waas integrated to determine the quantity of0

energy radiated in the visible. . r ~

Monochromator 2.

The flares were viewed with a Perkin-Eflmer model 108 Rapid Scan

Spectrometer consisting of a monochromator double-pass scanning

system with a calcium fluoride prism and an RCA 1P22 photomwlti-

lijer-tubg detector. The data was displayed on an oscilloscope and

recorded on magnetic tape in analog form. The scan rate of the

inst.ument was set at 30 scans/second. The slit was opened to 2mm._

An example of spectral scans as they appear on the oscillos.ope is

shown in Figure 1.

Standard Lamps

A quartz iodine lamp calibrated in p watts/cm /IOA at 40 cm

distance was used to calibrate the monochromator for energy intensity. -

6

S. -7..7.
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WAVELENGTH

Figure 1: Photograph of a MK 24 Flare speotrum
as it appears in uncorrected form on the oscil- '--

loscope. The spectrum is obtained with a Model
108 Perkin.-Elmer Rapid Scan Spectrometer using
an RCA 1P22 photomu.ltiplier, a calcium fluoride
prism, and a 2nxn slit opening.

I.7
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Mercury-cadmium, rubidium, sodium, and neon spectral lamps were used

6.to calibrate the monoohromator for wavelength. ZR
Optics

A double convex lens with a 42m. focal length was used to con-

dense the image of the flame so that it would all pass through the7'

2imm slit on the monoohromator. In this way, all of the energy could

be collected from the entire flame emitting surface whioh was radi- ,

ating in the direction of the monoohroaator. As will be described

later, this enables one to compute the amount of energy radiated inj

all directions. A 4m mask was placed in front of the lens to limit

the energy entering the monoohromator to only the center region

(abut c 2 ) of the collimating mirror. The flare was placed about

146 feet (4445 cm) from the lens. A magnification of 0.001 was

* 60achieved with this arrangement. Further details and computations

involving the optics are given in Appendix B.

Flare Spectrum Selection

During this study, several flares were burned. ich flare was

viewed continuously with the .ionochromator for the entire flare .

burning period of about 190 seconds. During this time, spectral

scans were being recorded at the rate of 30 scans/second. The data

could not be digitized. This eliminated any possibility of onveni-

* . ent analysis of all the information. Instead, a single Scan was -

manually selected which was considered to be the average of the

- "-IM

8*
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flare performnce. The chosen scan is one taken 30 -.econds after

'1~ flare *.gnition and at a time when smoke interference seemed to be

minimal.

Figure 1 showe A photograph of unprocessed flare opeotra, similar

to the one pielectt, O Zor w-aluation. Next, the ohosen scan was

rop..ttd as showi, ti vlguwe 2. The wavelength axis is identified

4.w uzs of oalibra-,:Loa da %-~ the spectral lamps. Voltage on the

oscilloscope is ust'd .q a Imtasirc 'if the speotral energy intensity

alarl the ord'inatue.

-bndard -.&Ap ",,*ctrum

Figure 3 stz',r-s :he si.tadard \.~spectrum which was used as the P
---di-rv~ enrV n.aic e iutensityl X),, . along the ordinate is

corxI'Lte! 1,:r geomevry a-- eazoh wavelength by

X= (DstA/D)l(I)()

where Dstd is the distance from the standard lamp to the lens, D f

is the distance from the flame to the lens, and Ist is the intensity

* in volts on the oscilloscope before it is correoted for geometry.

Spectral Radiant Mmergy of the Flare

Figure 4 shows Gche flare speotrum in its final form. The

* spectral energy radiated is designated on the ordinate in energy

units of kcal/W~. The spectral radiant energy, RfX, is obtained by

where ' IA iz the voltage on the flare spectrum as shown in Figure 2,0 0

Ais the voltage defined by equation (1), and ZXis defined by

- .. p 21
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Figure 4: Spectral radiant energy of a MK 24 Flare :. . ,.
":" ~~over a pwiod of 190 seconds. The energy represents -'-:.emission in all directions (spherical.) and from the

r ~~~entire emitting surface of the flame...'",-'
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i -A 4-tr(Dsd)2 PstA)(M(BT

where 4rconverts Ptkto a spherical basis, D std is the distance

(40 cm) at which the standard lamp was oalibrated, PstdA is the

spectral power calibration for the standard lamp in p watts/om2/1OA

at 40 cm, M is 2.39 x 10~ koal-lOA/pU vattoup which converts the

units to kcal/Mz, and BT is the flare burning time (190 seconds).

It is important to note that RfA is the spectral radiant energy from

the entire emitting surface of the flame and that it was not necessary

to def in&, Le a,, ...a the emitting surface. The cm2 from the square

of Dstc, :.ncels the cm2 in the Pstd; term. We therefore can describe

the emitting surface as the entire flare flame instead of some

measured surface area. Also, we approximated the radiation from

the flare flame as being spherical knowing that this leads to an

error of unknown magnitude because the flame is probably not radi-

ating equally in all directiona.

Total Radiant Fkiergy in Visible

* The area under the radiant energy curve in Figure 4 was deter-

mined manually with a planimeter. The area between 380 M~z and

742 up is !M10 kcal which represents the total amount of energy,

* 4,radiated by the flame in the visible region. The determination

of this quantity was the main objective of this investigation.

* 5

13
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DISCUSSION

The integrated visible energy ()radiated by a flare has a

measur~d value of 2510 koal. This va.~e Includes radiation from

all sources of visible emnission.

Inspection of the spectrum i'n Figure 4 shows a large amount of

energy around the sodivm resonance lines. From the overall shape

of the spectrum it is clear that the flame is not exclusively a

Planokian radiator. The visible energy mry be resulting partly

* - from thermal emission and partly from non-equilibrium proc esses and 4 :,

thus may be composed of radiation of a variety of types originating

* from a number of different processes.

The spectrum in Figure 4 lacks resolution because it was taken . X

through a 2rir slit opening and at a fast scan rate. Nevertherless,

since it is the integrated value and not the fine structure which ..

is important, the error introduced by the lack of resolution is -

shown to be tolerable. Flare spectra were also taken with a 1.5 ~_

meter B&L grating spectrograph with a ten micron slit opening. In

these high resolution spectra which are not reproduced herein, we

observe the sodium line reversal at 588.89 nmi and 589.59 up~, the __

MgO band structure near 500 ua, and the 516, 517, and 518 upI mag-

nesium lines.'* The resolution of these features are comparable to :, y

resolution of the features in Figure 4, showing that instrumental

resolution is not a serious factor. *

*Blunt~, reference 16, reproduced several of these spectra. C:I:

14
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Radiativo Components of the Flame

The flare flame is a quasi-gas system which cannot be expected

to exhibit only the normal properties of systems in total equilib-

rium. Conversely, the system may exhibit some non-equilibrium

characteristics. It is therefore necessary to distinguish some of

the processes which may be responsible for the radiation.

First, sodium can be excited by

NaX + Y Na* + (X + Y). (4)

The sodium is, in this case, an excited product of the exothermic

reaction. The radiation released by sodium excited in this way is

defined for our purposes as specific emission or ohemiluminescence.

The extent of excitation in a process such as this does not depend

directly on the temperature of the system in a well defined way.

Each sodium atom is unlikely to undergo reaction (4) more than once

during the life of the flare.

Sodium can also be excited by thermal collisions,

N+M+M.(5) 'L

This reaction involves excitation by energy exchange through a

collisional process. Its probability is temperature dependent and

thus may be considered thermal excitation of sodium. Such a reaction

can occur more than once for each sodium atom.

A more general case of a thermal process is

Z + >ZIP + M. (6)

In this case, Z may be any particle which collides with particle M.

Analogous to equation (5), the general thermal excitation is

15

*%
- . .. ... . .... .[. .; . - .- -.. . .. . .- .- .- ..- ..-..

0 0 0 0 0 0 0 0 * 0
7% %

-.. . . . . .. • - -, -"-. : ". . . ... " ' " < .'-- . . . ." .' . . . . . .-... - - -. '' -"'',.'.

,: * - ° . / .. / . . - . . . . .. . o . . . o . ° - . . " . . . . o • o. * °
." ,,' '. . " ". " :..' ,.';'- ".'C :'. - " ". -,> ,', ' "- . ":-' '.' '' ." " ." . Z... .".. . . ... ,.. . . . .-. .. ....... .... . .,.



RUYrN No. 135

tomporaturo depondent and can occur more than once during the life

of a given emitter within the flame. This is to be taken as a general-

ized mechanism for exciting components of radiation in the flame

as a result of its thermal energy. This radiation may be continuous

and is known as blackbody radiation when the spectral emissivity is

l,or graybody radiation when the emissivity is less than 1.

Temperature

It is clear that the radiated energy may be composed of parts 0 ...

from several sources. To speak of a flame temperature can be mis-

leading unless the temperature is defined or is used in a restricted

. :manner.

Although the concept of temperature in this flame may not be

definitive, temperatures having restricted definitions can be used

to describe various features of the system in order to establish

some of the beuadary conditions.

Maximum Flame Temperature

The maximum flame Iemperature (Tav) is defined by the energy

balance equation

Tav (Q [ -K)C (7)

where is the total heat lost by radiation from the flare, K is

the total heat lost from the flare by convection, C is the weighted

sum of the heat capacity of the combustion products, and Q is the

total enthalpy of the flare reaction less the latent heats of the

combustion products.

16
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Q = (4Ho)(W) - (AH +,&Hv )  (8)

where Hc is the heat of combustion, W is the weight of the flare '_

composition (6810g), &Hf and AHv are the weighted sum of the heats

of fusion and vaporization of the combustion products. From thermo-

dynamic tables prepared by Stul 1 13 and a team of investigators, the

weighted sum of AHf + AHv is estimated as 1030 koal/flare at tern-

peratures below 30980 K and 3420 kcal/flareabove 3098°K. The heat .

capacity (C) is approximately 2.17 koal/OK/flare.

The numerical value for the heat of combustion (A.H) probably

lies between two extremes. One is 2.01 kcal/g which corresponds to

the maximum energy released by stoichiometric reaction of the flare

ingredients alone and the other is 3.21 kcal/g which corresponds to

maximum energy released by air augmentation of combustion of the .

fuel-rich flare formula. The latter value includes additional

energy supplied by burning the excess magnesium and sodium with the

surrounding air and with oxidants included in the binder. The stoi-

chiometric equation for reaction of the flare ingredients is

3M + aNo - -o M gO + Na + N2 . (9) ..

The actual flare formula is given in Appendix A. .

Neglecting losses by radiation and convection, the maximum flame __-_-__

tempemtre is computed to be 3533*K which is the boiling point of -.

magnesium oxide. The temperatre is limited by the heat of vapori-

zation of the MgO. If 32 percent of the available energy is lost

by radiation and convection, the maximum theoretical temperature is

17
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I LmiLod by the heoit of fusion of magnesium oxide at Its 3098"K

melting point. Both of these temperatures were computed using 3.21

kcal/g as the heat of oombustion (AHo) for the flare reaction.
.V\- .'a .-

Distribution of the Radiation

A pyrotechnic illuminating flame is a grossly ill-defined mixture

of reacting gases and smoke. Progress at the present state of knowl- '

edge requires information about gross features of the system. Super-

ficial grounds for suspecting that emission by sodium is an important

component of the radiation from a sodium nitrate-magnesium flare have .

been presented as a reason and basis for disti;z.uishing among exci- -FK j

tation processes. These processes include chemical excitation of 0 0

the sodium atoms (equation 4), thermal excitation of sodium atoms

(equation 5), the thermal excitation of other substances (equation 6).

The reactions in the flame are by no means limited to these processes.

Other less dominant energy transfer and chemiluminescent processes

may also be present. Ten such atomic and molecular collision pro- -- '-i
cesses involving high energy species are presented by Shuler.

14

Radiation by sodium atoms is expected to lie mostly in the '-
vicinity of the yellow lines at 5890A. While the width of the

feature of the flame spectrum associated with the sodium emission

is yet to be explained, its association with sodium is important

mainly if there is some reason to believe that emission of this mag-

nitude would not occur if sodium were absent. 0

18
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We have already shown that the flare does not have a Planokian

distribution. Let us next consider the source of emission associated q

with sodium (i.e., equations (4) and (5)). There are 30.8 moles of

sodium in the flare. Also, we compute that sodium radiation is

equivalent to 48.6 kcal/mole by

H - ULo/A (10)

where Ee is an einstein in energy/mole, L is Avagadro's number, h is

Planck's constaut, o is the velocity of light, and A is the wavelength

of the strongest sodium resonance line. The product of the number of -. '.-....-

moles sodium and the number of einsteins gives about 1500 kcal. Thus,

if each sodium atom were to radiate once by equation (4), a maximum

of 1500 kcal would result. This requires 100 percent radiative .

efficiency which, in itself, is unlikely. Furthermore, even if the

process were 100 percent efficient, it could only account for about

60 percent of the radiation observed in the visible. Thus it is

clear that all of the visible radiation cannot be originating from

the chemical excitation of sodium. Therefore, the chemiluminescent

process described by equation (4) is not considered to be a signifi-

cant contributor of sodium emission. This leaves thermal excitation• ,." .'-\,

of sodium atoms (equation 5) as the remaining process by which the

gross radiation in the vicinity of the yellow lines at 5890A may be

explained. Such a process is reasonable because we observe this

energy mainly as a broadened region which is a normal characteristic

of a collisional process. In addition, the broadened region is

temperature and pressure dependent. Such behavior further supports -.

o- .- .,--. '

the choice of thermal excitation of sodium as the predominant process.

19
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We previously called attention to the magnesium oxide bands

near 500 upa. These are but one example of non-sodium related

radiation which is due to thermal exoitation by the process shown

in equation (6).

Finally, we will provide evidence to show that the emissitvity in

the visible region is generally greater then emissivity elsewhere.

We start with equation (7),

Tav =(Q -K)/C, (7)

and neglect K. At a temperature (Tav) of 3000*K, 4is computed to

be 14,360 kcal which represents the total energy radiated by the *

flare. Thus, 4s/j is about 0.17 which is the fraction of the total

radiated energy found in the visible. By comparison, q)tb/lbb for a

* blackbody at 30000K Its 0.108. Other values Of 4'bbtbb as a function

of temperature are plotted in Figure 5. The considerably larger

fraction of flare energy in the visible in comparison to the fraction

expected from a blackbody results from greater emissivity of the

flare in the visible region than elsewhere. Limited additional

information is provided by Sarnow1 who notes that the magnesium-

sodium nitrate reaction peaks near 1.0 micron in the infrared, then:K-.-

falls very sharply at the longer wavd.Lengths, and rises again between4

4 and 5 microns. This information also suggests large regions of .

low spectral emissivity outside of the visible.

These experiments did not provide any data which can be used to
4* 714 - locate the limit of efficiency of light production by this flare.

If the present flare system is not already at maximuim efficiency, .. ::

20
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the flare can be improved in only two ways. First, more sodium and -%

other emitters can be excited in the visible by increase of the

energetics of the reaction. Secondly, the amount of radiation

loss in regions outside of the visible can be reduced by selecting

emitters which radiate only in the visible. An increase in the

amount of energy available to excite the visible emitters will result

in an increase in the visible radiation. From these alternatives,

one can see that it is of equal importance to give consideration

to the loss of energy by radiation ;fatside of the visible as it is- -

to concentrate on increasing the integral energy in the visible.

Conclusions 0

The amount of energy radiated by the flare in the visible region -.

was measured as 2510 kcal which is about 11 percent of the energy of ,',

the flare reaction. 6

The exact nature of the interaction which causes the continuum

in the vicinity of the sodium D lines was not determined. On the .-

other hand, we showed that the visible energy does not have a

Planokian distribution and provided evidence that the excitation

of sodium is more likely to be the result of a thermal than a chemi-

luminescent process.

A maximum of 60 percent of the visible radiation can originate

by a chemiluminesoent (non-thermal) mechanism by which each emitter

may only be excited once. If sodium is the principal emitter, each . 6D

sodium atom must be excited more than once. Multiple excitation is '.

not allowed if the process is solely non-thermal. On the other hand, L--.

22
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oxa Itation of't odiumz by it thermal proj.)Onf whinh ftllowe rtijlflttaid

excitation is favored because we observe a broadened region near the

sodium yellow lines and because of the reported temperature and

pressure dependence of this region. All of these oharacteristios
AZ - 1

are normal for a thermal process as described by equation (5).

Another important feature of this flare is that about 17 percent

of th(, total radiated energy is found in the visible, To obtain

this energy distribution, emitters in the visible muzst generally

have greater emissivity than the emitters in other regions. This

emphasizes the practical aspects of formulating an illuminating

flare, Not only is it important to select emitters with a high

emisisivity for visible radiation but also, every effort isnt be

made to exclude emitteru capable of radiating outside of the visible.

Increase of the reaction energetios and emitter selection are the

only ways one can increase the amount of light produced by this

system.
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APPENDIX A 4',,

MK 24 Flare Candle Data*

1. Flare tube inside diameter 4.25 in .-

2. Composition length . . 16,5 in. ... 165i

3. Area of burning ......... * 14.18 in2

4. Composition volume . . . . . . . . . 234 in3; 3833 oM'

5. Composition Mass . . . . . . . . . . 15.0 lbs; 6810 g

6. Composition density . . . . . . . . 1.78 g/om3

7. Consolidation pressure . . . . . . . 8464 psi; (dead load) 60 ton

8. Burning time...... . . . . . . 180 sec K 0'

9. Burning rate ........ . . . . 0.0916 in/see; 10.9 sea/in

10. Consumption rate... o , . . .o 37.9 g/sec; 2.64 x 10-2 se/g "- - ,

11. Luminous intensity . . . . . . . . . .7 x 106 candles (od)

12. Luminous energy density . , . 0 . e 4,5 x 04 Cod se)/i
8x 04 (od eo)/om~ '

13. Flame length . . . 5 ft (max)

14. Flame width . . . . . ....... 3 ft (max)

15. Composition formula (by weight)

magnesium...... . . . . . . 57.0.
Sodium Nitrate . . . . . . 38.5%
Polyester binder . . . . . . o 4.5%

16. Heat of combustion (stoichiometric). 2.02 koal/g S .

17. Heat of combustion (excess fuel) 3.21 koal/g
13.45 kwatt seo/g .- ,

18. Power of flare . . . . .. . 508 kwatt
0 00 40 0 0 05.08x l02 erg/sec

*Values given are typical and in some instances estimated.
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APPIN4DU B '

OPTICS -

Lens Focal Length Computation

The optical layout is given in Figure 1 on the next page. The

maximum size of flame we will measure is estimated as eight feet* 0

(244 cm) long and five feet (152 am) wide. The maxium slit opening

on the monoobromator is about 2=u by l2nxa. The lens magnification (in)

is determined by I.

m =q/p i/o

where q is image distance, p is object distance, i is image height,

and o is object height. If we assume a magnification of 0.001, 7~e

get

'40.001 1/244 1i 2.44Mm (2)

and 0.001 1 /152 1 = 1. 52mm. (3)4.. 0

Since 2.44mm e.12mm and 1. 52mm < 2mm, both dimensions of the flare

will pass through the slit if m =0.001.

In equation (1), if p is 4445 cm and m is 0.001, then q is 4.445 cm. S

Next, the focal length of the lens required for this purpose is corn-

puted by the lensmakers' formula.

1 + 1 (4)
p q f

where p and q are defined for equation (1) and fl is the lens focal

length. Substituting into equation (4), we get -:

144 4.4 fl4.445 .45~f/(5)

The focal length needed is about 4.5 cm. The first term in equation

9 (5) is negligible.

28
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Lens Mask Aperture Computation

Figure 2 on the next page is the optical sohematic which I'llus-

trates the use of the mask to restrict the size of the collimating

mirror surface which is illuminated by the image. Let us estimate

that a 25mm height (h2) area on the mirror is that surface which is -

viewed by the detector. Also, it is known that the distance (s) from

the slit to the mirror inside the monochromator is 273mm and that

the focal length (fl) from equation (5) is about 45mm. The size of -9

the mask aperture (h) is computed by 1

h= (h2)(fl)/1 2 =(25)(45)/273 4.12mm (6)

where 1 2 A' s = 273mm. A mask of 4mm diameter was actually used.
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